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Electromigration-induced plastic deformation in passivated metal lines
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We have used scanning white beam x-ray microdiffraction to study microstructural evolution during
an in situ electromigration experiment on a passivatedCA) test line. The data show plastic
deformation and grain rotations occurring under the influence of electromigration, seen as
broadening, movement, and splitting of reflections diffracted from individual metal grains. We
believe this deformation is due to localized shear stresses that arise due to the inhomogeneous
transfer of metal along the line. Deviatoric stress measurements show changes in the components of
stress within the line, including relaxation of stress when current is removed®0@ American
Institute of Physics.[DOI: 10.1063/1.1525880

Electromigration (EM) is a phenomenon that occurs article? A white x-ray beam6—14 keV} is focused to a spot
when extremely high current densitieg~<10° A/lcm?) lead  size of 0.8<0.8 um? using a Kirkpatrick—Baez mirror pair.
to mass transport of metal within integrated-circuit The sample, mounted on a piezoelectric positioning stage, is
metallizations: Failure of the interconnect can be caused byscanned beneath this x-ray spot. Data is collected as an array
open circuit voiding or short circuit extrusions of the metal. of white beam(or Laug diffraction patterns in reflection
The evolution of stress caused by EM in metallic intercon-mode from individual crystallites within the sample via a
nects is an important topic in microelectronics reliabfity. CCD detector. These Laue patterns are automatically ana-
Large stresses can develop in the line because of the tranyzed with custom software for both orientation and devia-
port of metal in a confined space. A great deal of research hd8ric stress/strain.
been conducted in an attempt to understand the role of stress The sample investigated here is a sputtered®% wt %
and stress gradients during EM and several models haveY two Ievgl electromigrgtion. test structure. The test line
been proposedi:® Experimental verification of these models Nas dimensions of 4.Lm in width, 30 um in length, and
has proven difficult due to the challenge of measuring stres8-72#Mm in thickness. There are two shunt layers of Ti at the
in passivated interconnect structures with the necessary spdottom and the top of the lingthicknesses are 450 and 100
tial resolution. , respectively. The lines are passivated with Ogm of
With recent advances in synchrotron and x-ray opticsSioZ (PETEOS. Several vias at either end of the line con-

technology, x-ray microbeams have proven useful in thd'ect to a lower metallization level, which in turn connects to
study of E;\/I X-rays are ideal for interconnect studies, a unpassivated bond pads for electrical connection to be made.

they can be focused on the order of the grain size and ca he samplg was annealeq at 390 °C for 30 min in a rough
vacuum prior to the experiment.

enetrate any dielectric covering the line, unlike electron . :
b ANy /enng The electromigration test was conducted at 205 °C. Cur-
beams, which are only sensitive to the sample surface. Sev-

: . rent and voltage across the sample were monitored at 10 s
eral groups have recently reported results using various x-r

ay .
. . . rements. Th mple w nned in 1
microbeam techniqués® In this letter, we report results us- o e ts. The sample was scanned in (b steps, 15

ing scanning white beam x-ray microdiffraction, which al- steps across the width of the line and 65 steps along the
I 8\/ for mg ing th mol ty rientation n(’j deviatori length of the line, for a total of 975 CCD frames collected. A
ows for mapping the compiete orientation al eviatoric, mplete set of CCD frames takes aboub4bth to collect
stress/strain tensor of micron-scale grains within a passivate epending on the reliability of the synchrotron sourdehe

|pterc?nnect _Ilne. Ad(ljltlonally., :ge_ c;onshtgent IE)aue r?ﬂe_c'exposure time wa5 s plus about 10 s of electronic readout
go?s or a glxen grain can ﬁ'e, |nEo'\;|mat|on about plastiC e for each frame. In this manner, information regarding
eformation that may occur during ' the deviatoric stress/strain state, orientation, and plastic de-

This experiment was conducted at Beamline 7.3.3 at the, ation for each grain in the sample was collected for each
Advanced Light Source synchrotron in Berkeley, CA. A de-ime step during the experiment. The current was ramped up

tailed description of the beamline is available in a recenty | 30 ma (j=0.98 MA cm2) over the course of 24 fin
10 mA increments then turned off for 12 h, and finally
3E|ectronic mail: bvalek@stanford.edu reversed to—30 mA for the next 18 h.
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of the line versus position along the line. The concave bowing of the line

decreases as the anode is approached.

the full width at half maximum of the peaks plotted in theta-

chi space. Theta is defined as the Bragg angle, and chi is the
y

angle within the plane perpendicular to the incident beam.

The peak broadening is strongest in the theta direction,
l_. which is across the length of the line. If we pla® of the
(222) peak for several grains along the line, we can see a
FIG. 1. Evolution of the(222) and (113 Laue reflectiondin g-spaceé of ~ clear trend in the amount of peak broadening in a grain ver-
four grains during thén situ EM experiment. For each r(iﬂection, the area of sys position in the line. Figure(@® shows that plastic defor-
¢-space is kept constant, with length of a side given A mation decreases as the anode is approached after 24 h of
electromigration(current during scan is-30 mA). The scat-

Figure 1 shows the evolution of tli222) and(113 Laue ter in A¢ is most likely caused by inhomogeneous removal
reflections for several grains in the line during thesituEM  and deposition of metal within the line, resulting from flux
experiment. Because a given Laue reflection will appear irflivergences along the length of the line. After current rever-
many frames, only the reflections from the center of thesal, plastic deformation continues and many grains are fur-
grains are shown. The reflections have been converted ter divided into subgrains, as seen in Fig. 1.
g-spacereciprocal spagewith thex-axis along the length of In addition to peak broadening and splitting, grain rota-
the line, they-axis across the line, and threaxis normal to  tions are also visible in Fig. 1. These rotations are not due to
its surface. It is clear that some of the reflections are broadthe entire sample rotating, which would be evident via move-
ening as the EM test progresses, while some grains even spiitent of the silicon background Laue pattern. In fact, many
into clearly defined subgrains. On the CCD frame, the broadgrains rotate in opposite directions from one another. Using
ening is manifested in different directions for different the variation in intensity of a Laue reflection from a grain,
planes. When converted tpspace, the broadening and split- we can estimate the size, shape, and location of the grain
ting are seen to be in the same direction, which is across theithin the line. Figure ) is a plot of the change in position
length of the line. The deformation takes place in this man-of the (222) Laue reflection for grains on either side of the
ner along most of the line, although some grains at the verjine versus distance along the line. Grains in the top half of
ends of the line have a component of deformation along th¢he line (y>0, if y=0 is in the middle of the line width
length of the line. rotate in the+ 6 direction, while those on the bottom half

The degree of plastic deformation is dependent on th€y<0) rotate in the— 6 direction. Removal of material from
position of the grain within the line. The width of a Laue the anode causes a concave bowing of the line that decreases
reflection contains information on the dislocation densityas the anode is approached.
within a grain. The peak broadening during electromigration  Figure 3 is a plot of the average deviatoric stresses and

can be quantified by defining as the difference between the average maximum resolved shear stt#RSS in the
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I = +30mA  I=0mA  [=-30mA ticity as it relates to electromigration in unpassivated inter-

801 : A— connects, but did not find any significant effétiThe fact
~ 607 — ’ that we see a gradient in both peak broadening and grain
E 401 ® /A—A',\ ):/l"A\A rotation indicates that the plastic deformation is most likely
< 207 Y ’6~o/°\;\§:27° o—o due to induced local shear stresses, rather than electroplas-
% 0 1 [ ] ..
2 20 ' ¥—y! ticity. |
@A 404 \y\v \/ \ Barabashet al. have recently shown that white beam

-6 0- ' RV x-ray microdiffraction can be useful for the analysis of dis-

' r r r r location structure$? The majority of peak broadening occurs
10 20 30 40 50 : :
. across the width of the line, rather than along the length of
Time (hours) ; X N .
the line. The broadening and splitting of the Laue reflections
= MRSS 0 O'xx A Cyy Y Gy | suggests a process in which geometrically necessary disloca-
tions are produced within the grain and then coalesce into
FIG. 3. Average deviatoric stresses and average maximum resolved shegeometrically necessary boundaries formed by tilt disloca-
stress within the line versus time during thesitu EM experiment. The tion walls. These dislocations have cores that run parallel to
different applied currents are delineated with the vertical dashed lines. the appliéd current. and therefore may serve as ne?N fast dif
) . . ) fusion paths along the line.
line versus time during the experiment. These stresses are the | conclusion, we have used white beam x-ray microdif-
average of all grains in the line at each time step. The MRS§action to show that plastic deformation occurs during elec-
is calculated for thé111)(110 type slip system. In the fol-  yomigration within passivated metallic interconnects. Peak
lowing, X is in the direction of the liney is across the line, proadening and grain rotations reveal gradients in the
andZ is the normal to the sample surface. During the rampymount of plastic deformation along the lifle. situ stress
ing of the current to+30 mA, the average of the deviatoric easurements show an overall change in the average devia-

stress componentsry,) and(a,) increase, whildo,) de-  toric stresses, which relax when the current is removed, but
creases. The average MRSS in the line increases during th@e restored by reversing the current.

experiment. Removing the current from the sample relaxes
these stresses, while reversing the current restores the The Advanced Light Source is supported by the Director,
stresses. While we see a change in the average stress valgiice of Science, Office of Basic Energy Sciences, Materi-
at each time step, we do not see a gradient in the stresds Sciences Division, of the U.S. Department of Energy un-
values along the length of the line. We do not have informader Contract No. DE-AC03-76SF00098 at Lawrence Berke-
tion on the hydrostatic stress in the line. The stresses werey National Laboratory. We would like to thank Intel
also measured for a control sample that was at the sanfeorporation for generous funding and support.
temperature as the EM sample, but had no current applied.
The stresses remain constant in this sample and no peak
broadening or grain rotations are observed. z,J' AF ' 'B‘I'gzg' j :nggij}olsaz(é;gl%m
We believe that the evidence from this experiment sy a korhonen, P. Borgesen, K. N. Tu, and C. Li, J. Appl. PHg&.3790
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cess occurring during EM. Metal is being removed from near:“RA- JP- %‘;‘ﬁ”gf znd|V\|/:'hD§3'\éiXé f&sA(qgé;hySB’ 3595(1998.
the cathode and dgposﬂed tovyards the anode. Flux dlverGG: S: Cargill I-Il,git)réss—%du;:ed Phenom.enain Metallizati6th Interna-
gences along the line lead to inhomogeneous metal deple-ional Workshop, 2002, edited by S. P. Baker, M. A. Korhonen, E. Arzt,
tions and accumulations at various locations. It is believed and P. S. Ho, pp. 193-204.
that these divergences Change the stress state of the su7r'3'- H. Sqlqk, Y. VIadimir;ky, F. Cerrina, B. Lai, W. Yun, Z. Cai, P. llinski,

. . . . D. Legnini, and W. Rodrigues, J. Appl. Phy&6, 884 (1999.
rounding grains, increasing local shear stresses that are thep - Wang, I. C. Noyan, S. K. Kidor, J. L. Jordan-Sweet, E. G. Liniger,
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will not relieve the hydrostatic stress, a gradient in hydro- °N. Tamura, R. S. Celestre, A. A. MacDowell, H. A. Padmore, R. Spolenak,
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material was not allowed to escape. Electroplasticity is the gyn':p B,i‘ffcrgg"é 585?1%“93;' U. E. Mockl, and E. Arzt, Mater. Res. Soc.
phenomenon of dislocation motion and multiplication due to12g | ‘Barabash, G. E. Ice, B. C. Larson, and W. Yang, Rev. Sci. Instrum.
an applied current. Baket al. have investigated electroplas- 73, 1652(2002.

<d

Downloaded 19 Nov 2002 to 131.243.163.37. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



